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Abstract
In classical superconductors an energy gap and phase coherence appear simultaneously with pairing at the transition to
the superconducting state. In high-temperature superconductors, the possibility that pairing and phase coherence are distinct
and independent processes has led to intense experimental search of their separate manifestations, but so far without success.
Using femtosecond spectroscopy methods we now show that it is possible to clearly separate fluctuation dynamics of the
superconducting pairing amplitude from the phase relaxation above the critical transition temperature. Empirically establishing
a close correspondence between the superfluid density measured by THz spectroscopy and superconducting optical pump-probe
response over a wide region of temperature, we find that in differently doped Bi2Sr2CaCu2O8+δ crystals the pairing gap
amplitude monotonically extends well beyond Tc, while the phase coherence shows a pronounced power-law divergence as
T → Tc, thus showing for the first time that phase coherence and gap formation are distinct processes which occur on different
timescales.
Anomalous normal state behavior above the critical
temperature appears to be a hallmark of unconventional
superconductivity and is present in many different classes
of materials. A pseudogap state has been suggested to
be associated with a wide range of possible phenomena
preceding the onset of macroscopic phase coherence at
the superconducting critical transition temperature at
Tc: pre-formed pairs [1–9], a spin-gap [10], the formation
of a Bose metal [11], a Fermi or Bose glass, or a state
composed of “dirty bosons” [12–14], and more recently a
charge-density-wave state [15, 16].
However, apart from the pseudogap (PG) response be-
low the temperature designated as T ∗, the response at-
tributed to “superconducting fluctuations” above Tc has
been observed in a number of experiments [17–27]. The
temperature region Tc < T < Tonset where such fluctua-
tions are observable is significantly wider than in conven-
tional superconductors, but smaller than T ∗. The open
and obvious question is whether the pseudogap, or the
superconducting fluctuations can be attributed to pair-
ing.
The problem in separating the response due to super-
conducting fluctuations from the PG is that so far, in-
evitably, one has had to make extrapolations, or assump-
tions about the response functions underlying tempera-
ture dependences and line shapes in transport[17, 18, 28–
30], magnetic susceptibility[26, 31], specific heat[20, 21]
or photoemission (ARPES)[22], which may at best in-
troduce inaccuracies in the temperature scales, and at
worst lead to erroneous conclusions. Alternatively one
can suppress superconductivity by high magnetic fields
up to 60 T [32], although there exists a risk of inducing
new states by such a high field [33]. Thus, so far it has not
been possible to satisfactorily characterize superconduct-
ing fluctuations and discriminate between fluctuations of
the amplitude δψ (related to the pairing gap) and phase
δθ of the complex order parameter Ψ = ψeiθ.
In pump-probe experiments three relaxation compo-
nents shown in Fig. 1 a) are typically observed: 1)
the quasiparticle (QP) recombination in the SC state, 2)
pseudogap state response below T∗ and 3) energy relax-
ation of hot electrons. The QP dynamics has been shown
to be described very well by the Rothwarf-Taylor (R-T)
model [34, 35], and the response related to the presence of
non-equilibrium QPs is thus unambiguous. Importantly,
the presence of the QP response is directly related to the
presence of a pairing gap for QP excitations.
Recent experiments have already proved the coexis-
tence of the pseudogap excitations with superconduc-
tivity below Tc over the entire range of phase diagram
[36, 37]. However, superconducting fluctuation dynam-
ics above Tc have not been investigated till now. In this
paper we present measurements by a 3-pulse technique
which allows us to single out the response of supercon-
ducting gap fluctuations, distinct from the PG. Selec-
tive destruction of the superconducting state by a fem-
tosecond laser pulse [38] allows us to discriminate pseu-
dogap excitations from superconducting fluctuation seen
in transient reflectivity signals, thus avoiding the neces-
sity of making extrapolations or assumptions in separat-
ing the different contributions. We then compare these
data with a.c. conductivity (THz) measurements [39]
and establish proportionality of the amplitude of super-
conducting component in pump-probe experiment to the
bare phase stiffness ρ0, measured by THz experiments.
This is directly proportional to the bare pair density ns
[23, 39], which in turn coincides with the superfluid den-
sity when the latter is measured on a timescale on which
changes of the order parameter due to either de-pairing
or movement of the vortices can be neglected. Compar-
ison of the critical behavior of the amplitude and phase
correlation times above Tc leads us to the conclusion that
two quantities arise from different microscopic processes.
We perform measurements on under- (UD), near
optimally-(OP) and over-(OD) doped Bi2212 with Tcs of
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Figure 1: Description of the 3 pulse method and pump-probe signals. Underdoped sample data: a) Transient
reflectivity signals observed at different temperatures in Bi-2212 - SC signal, the PG signal and energy relaxation of hot
carriers (Inset: susceptibility curve shows Tc = 81 K for the underdoped sample). b) A schematic representation of the
3-pulse experiment. Destruction (D) pulse destroys the superconductivity, Pump-probe sequence probes the recovery of the
quasiparticle response. Colors are schematic. c) Two typical 3-pulse pump-probe traces at tD−P 0.2 and 4.5 ps show signal
with suppressed and recovered superconducting component respectively. d) The QP recombination at different T above Tc.
e) A typical result of three pulse experiments at 90K shows suppression of the SC component after the D pulse arrival and
gradual recovery with tD−P . Readings along the blue and dark-red line are shown in Fig. 1b). The color represents amplitude
of the reflectivity change. The values of the color bars indicate ∆R/R× 10−5. f) Pulse sequence and delays notation in 3-pulse
experiment. g) Recovery of the superconducting component amplitude with tD−P .
81, 85 and 80 K respectively. In the discussion we focus
on the underdoped sample, and discuss comparisons with
the optimally and overdoped samples, where applicable.
Results
Measurements of pairing amplitude above Tc.
To separate the SC component from the PG component
we use a 3 pulse technique described in Refs. [40–43],
and schematically represented in Fig. 1b). A pulse train
of 800 nm 50 fs pulses produced by a 250 kHz regener-
ative amplifier is divided into three beams with variable
delays. First a relatively strong “destruction” (D) pulse,
with fluence just above the superconducting state photo-
destruction threshold FSCth = 13 µJ/cm
2[44], destroys
the superconducting condensate[45]. The ensuing recov-
ery of the signal is measured by means of the 2 pulse
Pump-probe (P-pr) response at a variable delay tD−P
between D and P pulses. The pseudogap state remains
unaffected as long as the excitation fluence is well below
the pseudogap destruction fluence which is measured to
be at FPGth = 32 µJ/cm
2. Measurements at higher tem-
peratures (at 120 and 140 K) where no fluctuations are
present confirm that the D pulse has no effect on the PG
response at the selected fluence.
A typical result of the 3 pulse experiment is presented
in Fig. 1e). In the absence of the D pulse the signal
consists of a positive SC and a negative PG component.
After the arrival of the D pulse we see a disappearance
of the SC part and only the PG component is present
(dark-red line on Fig. 1c)). With increasing tDP the su-
perconducting response gradually re-emerges (blue line
on Fig. 1c)). As most of the condensate in the probe
volume is “destroyed” by the D pulse we can extract the
superconducting component by subtracting the signal re-
manent after the destruction (measured 200 fs after the
2
D pulse) from the signal obtained in the absence of the
D pulse. Such an extracted superconducting component
is plotted in Fig. 1d). The signal is detectable up to
Tonset = 104 K, which is 0.28 Tc above Tc but much lower
than T ∗ ≈ 2.5 Tc . In Fig. 1g) we show the recovery of
the amplitude of the superconducting component Asc as
a function of the time delay tD−P after the D pulse for 90
K. The temperature dependence of the amplitude of the
SC component measured by 3-pulse technique A3pulsesc is
shown in Fig. 2b).
Figure 2: Comparison of pairing amplitude and phase
coherence dynamics. a) The recovery time of the opti-
cal superconducting signal (τrec), the QP recombination time
τ3PulseQP measured by the three pulse technique and the QP
recombination time τSubtractionQP from two pulse Pump-probe
pulse measurements obtained by subtraction of the PG sig-
nal. A fit to the data using a BKT model (eq. 3 of ref.
[19]) is shown by the solid red line. The dashed line shows
the fluctuation lifetime τGL given by the TDGL theory. The
phase correlation time τTHzθ obtained from the THz conduc-
tivity measurements [39] is also shown for comparison. b)
The amplitude of the SC signal measured by the three pulse
technique (A3PulseSC ) and the two pulse measurements with the
PG signal subtracted (ASubtractionSC ). The bare phase stiffness
ρ0 [39] (normalized at Tc) shows remarkable agreement with
the optical response.
For comparison, standard pump-probe measurements
need to separate the SC relaxation from the PG relax-
ation by subtraction of the high temperature response
extrapolated into the superconducting region. This ap-
proach suffers from the same uncertainties as other tech-
niques such as conductivity, heat capacity, diamagnetism
and ARPES. The actual T -dependence of the PG re-
sponse is ca vary with doping, pump energy and probe
wavelength [44, 46]. But, in Fig. 2b) we show that the
subtraction procedure - with the use of a model [44] -
gives results in agreement with the direct 3 pulse mea-
surements. The remaining discrepancies in the amplitude
can be explained by an incomplete destruction of fluctu-
ating superconducting state in the 3 pulse experiment
and errors in the PG subtraction.
In Fig. 2a) we see that the QP relaxation time τ3PulseQP
obtained by fitting an exponential function to the data
Fig. 1d) decreases rather gradually with increasing T
above Tc and nearly coincide with the QP relaxation
time obtained by the pseudogap subtraction procedure
τSubtractionQP . The recovery time τrec obtained from expo-
nential fits to the recovery of the SC response above Tc
(Fig. 1 e) shows a similar T -dependence. The experi-
ments thus show that the recovery of the SC gap and the
QP relaxation show very similar dynamics above Tc.
Comparison of optical and a.c. conductivity
measurements. We now compare these data with THz
measurements of the order parameter correlation time
and bare phase stiffness [19, 39]. The agreement be-
tween ρ0 and Asc shown in Fig. 2 b) is seen to be re-
markably good over the entire range of measurements
0.8Tc < T < 1.3Tc. This agreement is important be-
cause, taking into account ns ∼ |Ψ|2, it validates the
approximation that the pump-induced changes in the re-
flectivity or dielectric constant  for small ns are related
to the order parameter Ψ as δR ∼ δε ∼ |Ψ|2.
In contrast to ASC and ρ0, remarkable differences are
seen in the temperature dependences of the characteris-
tic lifetimes shown in Fig. 2a) obtained by optical tech-
niques and THz conductivity measurements. The phase
correlation time τTHzθ determined from the THz conduc-
tivity [19] dies out very rapidly with increasing tempera-
ture, while the T -dependence of the amplitude relaxation
(τ3PulseQP , τ
Subtraction
QP or τREC) is much more gradual.
Measurements on an optimally doped sample (Fig. 3c),
d)) show qualitatively the same results with Tonset ∼102
K, which is 17 K above Tc, and slightly faster decrease of
both amplitude and QP relaxation time with tempera-
ture. For the overdoped sample, FPGth becomes compara-
ble to FSCth , so the superconducting component cannot be
significantly suppressed without affecting the pseudogap.
Nevertheless the superconducting component is clearly
observable in the 2-pulse response up to Tonset ∼ 93 K,
i.e. 13 K above Tc. Comparison of 2-pulse data for dif-
ferent doping levels is shown in Fig. 3 e)-g), showing
qualitatively similar behavior of the SC amplitude above
Tc.
Discussion
The co-existence and distinct dynamics of the PG and
SC excitations above Tc highlights the highly unconven-
tional nature of these states. A possible explanation for
the coexistence of the SC and PG excitations is that the
SC and PG quasiparticles which are giving rise to the
observed processes are associated with relaxation at dif-
3
Figure 3: Doping dependence. Comparison of the QP recombination time τ3PulseQP a) and c) and the amplitude of the SC
signal b) and d) measured by the three pulse technique for under-(UD) and optimally(OP) doped samples, respectively. e)
- g) T-dependence of 2-pulse response for under-(UD), optimally(OP) and overdoped(OD) samples. Blue dashed and cyan
solid lines marks Tonset and Tc respectively. Tonset shows gradual decrease with doping. The values of the color bars indicate
∆R/R× 10−4.
ferent regions on the Fermi surface. Recent Raman and
cellular dynamical mean-field studies [47] have suggested
that the PG may originate from the states inside the
Mott gap, which are characterized by s-wave symmetry
and very weak dispersion. Such a localized nature of
the PG state excitations is consistent with previous as-
signments made on the basis of pump-probe experiments
[44, 48]. In contrast, the superconducting gap fluctua-
tions have predominantly d-wave symmetry [49] and are
more delocalized. This would explain the simultaneous
presence of the SC fluctuations and PG components in
pump-probe experiments.
Perhaps the most widely discussed model in the con-
text of distinct pairing and phase coherence phenomena
is the Berezinskii-Kosterlitz-Thouless (BKT) transition
[50–52] by which decreasing temperature through Tonset
and approaching Tc causes freely moving thermally ac-
tivated vortices and anti-vortices to form pairs, thus al-
lowing the condensate to acquire long range phase co-
herence in an infinite-order phase transition sharply at
Tc. The bare pair density is finite to much higher tem-
peratures (up to Tonset), where pairing is caused by a
different mechanism, and the pseudogap is considered to
be an unrelated phenomenon[53–56]. The effect is char-
acterised in terms of a phase stiffness ρs, a quantity which
characterizes the destruction of phase coherence by ther-
mal fluctuations at a temperature Tc = TBKT = piρs/8.
It is defined by the free energy cost of non-uniformity
of the spatially varying order parameter Ψ [19]. In
cuprates ρs is small due to reduced dimensionality and
the low carrier density. Within this approach a.c. (THz)
conductivity[19, 39], heat capacity [20, 21], diamagnetism
[26, 31], ARPES [22] and Nernst effect [23–25, 57] mea-
surements were interpreted.
The BiSCO family is the most two-dimensional of the
cuprate materials, so here the BKT mechanism for de-
scribing the order above Tc would be expected to be most
applicable [39]. However, the data in Fig. 2a) show that
the drop in τθ is not nearly as abrupt as the BKT model
predicts. One possibility is that this broadening arises
from chemical inhomogeneity of the sample, but the ab-
sence of a peak in the heat capacity at Tonset [20] also
appears to exclude the possibility of a pure BKT transi-
tion, and implies amplitude fluctuations might be present
between Tc and Tonset as well [21]. Thus additional
mechanisms beyond BKT may also be present which
would broaden the phase coherence transition, such as
inter-layer phase fluctuations. In this case the observed
T -dependence would reflect the interlayer de-coherence
[19, 39].
In more traditional approaches using time-dependent
Ginzburg-Landau (TDGL) theory[58], thermal fluctua-
tions are small for temperatures higher than ∼ 2 K above
Tc [59], but can give an observable contribution to the
conductivity in this temperature range [17, 18, 28–30].
Relaxation within TDGL theory has a “longitudinal” re-
laxation time τ∆, which corresponds to the relaxation of
the magnitude of the SC order parameter, and a "trans-
verse" relaxation time τθ which corresponds to the re-
laxation of its phase. They are related to each other in
magnitude, but have the same critical temperature de-
pendence near Tc, namely τGL ∼ 1/(T − Tc) [60]. Per-
haps unexpectedly, the temperature dependence of τTHzθ
nearly coincides with the behavior predicted for τθ by
time-dependent Ginzburg Landau theory for Gaussian
fluctuations. Fig. 2a) suggests that phase coherence
within this system is established in a narrow, ∼ 5 K
temperature interval. However, the distinctly different
critical behavior of the pair amplitude dynamics speaks
in favor of unconventional models of superconductivity in
which pairing and phase coherence occur independently,
by different mechanisms. The implication is that the ob-
served pairing amplitude which extends to more than 25
K above Tc reflects the response of an inhomogeneous en-
semble of gapped patches which are not mutually phase
coherent. The weak temperature dependence of the am-
plitude cannot be described either by TDGL or BKT
models.
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Beyond the BKT vortex and TDGL scenario, other
phase-locking scenarios, such as Bose-Einstein con-
densation of bipolarons[2, 3, 61] and phase-coherence
percolation[4, 5] may also be consistent with the ob-
served behaviour. In both of these cases pairing and
phase coherence are also distinct processes. The former
comes from the condensation of pairs at Tc as pre-formed
pair kinetic energy is reduced, while percolation dynam-
ics is associated with the time dynamics of Josephson
tunneling between fluctuating pairs or superconducting
patches. The percolation timescale τJ is given by the
Josephson energy EJ = Icφ0/2pi, where Ic is the crit-
ical current and φ0 is the flux quantum. In cuprates,
τJ = ~/EJ ' 300 fs, which is compatible with the dy-
namics of phase shown in Fig. 2a).
A picture highlighted by Fig. 2 thus emerges in these
materials where the relaxation of the phase θ is faster
than relaxation of the amplitude ψ of the complex order
parameter Ψ = ψeiθ, the dynamics of ψ and θ being gov-
erned by microscopically different processes. It is worth
remarking here that the opposite situation is found in
charge density wave dynamics, where the phase relax-
ation is slow compared to the amplitude relaxation, and
the dynamics can be described by TDGL equations for
the amplitude ψ, neglecting phase relaxation θ [41].
Methods
Samples. The samples used in this work were under-,
near optimally- and over- doped Bi2212 with Tcs of 81,
85 and 80 K respectively. Samples were grown by the
traveling solvent floating zone method. Critical temper-
atures were obtained from susceptibility measurements
(e.g. inset in Fig. 1a) for the underdoped sample).
[1] Alexandrov, A. S. & Andreev, A. F. Gap and subgap tun-
nelling in cuprates. Europhys. Lett. 54, 373–379 (2001).
[2] Alexandrov, A. & Ranninger, J. Bipolaronic supercon-
ductivity. Phys. Rev. B 24, 1164–1169 (1981).
[3] Alexandrov, A. S. Theory of high-temperature supercon-
ductivity in doped polar insulators. Europhys. Lett. 95,
27004 (2011).
[4] Mihailovic, D., Kabanov, V. V. & Müller, K. A. The at-
tainable superconducting Tc in a model of phase coher-
ence by percolating. Europhys. Lett. 57, 254–259 (2002).
[5] Kresin, V. Z. & Wolf, S. a. Inhomogeneous Supercon-
ducting State and Intrinsic Tc : Near Room Temperature
Superconductivity in the Cuprates. J. Supercond. Nov.
Magn. 25, 175–180 (2011).
[6] Ovchinnikov, Y. & Kresin, V. Inhomogeneous supercon-
ductor in an ac field: Application to the pseudogap re-
gion. Phys. Rev. B 65, 214507 (2002).
[7] Geshkenbein, V. B., Ioffe, L. B. & Larkin, A. I. Supercon-
ductivity in a system with preformed pairs. Phys. Rev.
B 55, 3173–3180 (1997).
[8] Alexandrov, A. Bose-Einstein condensation of charged
bosons in a magnetic field. Phys. Rev. B 48, 10571–
10574 (1993).
[9] Solov’ev, A. L. & Dmitriev, V. M. Fluctuation conduc-
tivity and pseudogap in YBCO high-temperature super-
conductors (Review). Low Temp. Phys. 35, 169 (2009).
[10] Emery, V. J. Spin-gap proximity effect mechanism of
high-temperature superconductivity. Phys. Rev. B 56,
6120–6147 (1997).
[11] Phillips, P. & Dalidovich, D. The elusive Bose metal.
Science 302, 243–7 (2003).
[12] Das, D. & Doniach, S. Existence of a Bose metal at T=0.
Phys. Rev. B 60, 1261–1275 (1999).
[13] Das, D. & Doniach, S. Bose metal: Gauge-field fluctu-
ations and scaling for field-tuned quantum phase transi-
tions. Phys. Rev. B 64, 134511 (2001).
[14] Vojta, M. Quantum phase transitions. Rep. Prog. Phys.
66, 2069–2110 (2003).
[15] Torchinsky, D. H., Mahmood, F., Bollinger, A. T.,
Božović, I. & Gedik, N. Fluctuating charge-density waves
in a cuprate superconductor. Nat. Mater. 12, 387–91
(2013).
[16] Sugai, S., Takayanagi, Y. & Hayamizu, N. Phason and
Amplitudon in the Charge-Density-Wave Phase of One-
Dimensional Charge Stripes in La2−xSrxCuO4. Phys.
Rev. Lett. 96, 137003 (2006).
[17] Silva, E., Sarti, S., Fastampa, R. & Giura, M. Excess
conductivity of overdoped Bi2Sr2CaCu2O8 + x crystals
well above Tc. Phys. Rev. B 64, 144508 (2001).
[18] Truccato, M., Agostino, a., Rinaudo, G., Cagliero,
S. & Panetta, M. Possible dominance of the Maki-
ThompsonThompson process in the fluctuation conduc-
tivity of Bi-2212 superconducting whiskers. J. Phys.:
Condens. Matter 18, 8295–8312 (2006).
[19] Orenstein, J., Corson, J., Oh, S. & Eckstein, J. Super-
conducting fluctuations in Bi2Sr2Ca1−xDyxCu2O8+δ as
seen by terahertz spectroscopy. Ann. Phys. 15, 596–605
(2006).
[20] Junod, A., Roulin, M., Revaz, B. & Erb, A. Experimen-
tal survey of critical fluctuations in the specific heat of
high-temperature superconductors. Physica B Condens.
Matter 280, 214–219 (2000).
[21] Tallon, J. L., Storey, J. G. & Loram, J. W. Fluctuations
and critical temperature reduction in cuprate supercon-
ductors. Phys. Rev. B 83, 092502 (2011).
[22] Kondo, T. et al. Disentangling Cooper-pair formation
above the transition temperature from the pseudogap
state in the cuprates. Nat. Phys. 7, 21–25 (2010).
[23] Wang, Y., Li, L. & Ong, N. Nernst effect in high-Tc
superconductors. Phys. Rev. B 73, 1–20 (2006).
[24] Rullier-Albenque, F. et al. Nernst Effect and Disorder in
the Normal State of High-Tc Cuprates. Phys. Rev. Lett.
96, 2–5 (2006).
[25] Pourret, a. et al. Observation of the Nernst signal gener-
ated by fluctuating Cooper pairs. Nat. Phys. 2, 683–686
(2006).
[26] Li, L. et al. Diamagnetism and Cooper pairing above Tc
in cuprates. Phys. Rev. B 81, 1–9 (2010).
[27] Mihailović, D., Zgonik, M., Čopič, M. & Hrovat, M.
Quasiparticle excitations in the superconducting state
5
observed in light scattering. Phys. Rev. B 36, 3997–3999
(1987).
[28] Ghosh, A. K. & Basu, A. N. Fluctuation-induced
conductivity in quenched and furnace-cooled
Bi2Sr2CaCu2O8+δ Aslamazov-Larkin or short-
wavelength fluctuations. Phys. Rev. B 59, 11193–11196
(1999).
[29] Balestrino, G., Crisan, A., Livanov, D., Manokhin, S. &
Milani, E. Fluctuation magnetoconductivity of BSCCO-
2212 films in parallel magnetic field. Phys. C Supercond.
355, 135–139 (2001).
[30] Bhatia, S. N. & Dhard, C. Excess conductiv-
ity and pair-breaking effects in Y Ba2Co3O7 and
Bi2Sr2Ca1−xYxCu2O8+δ systems. Phys. Rev. B 49,
206–215 (1994).
[31] Wang, Y. et al. Field-Enhanced Diamagnetism in the
Pseudogap State of the Cuprate Bi2Sr2CaCu2O8+δ Su-
perconductor in an Intense Magnetic Field. Phys. Rev.
Lett. 95, 247002 (2005).
[32] Rullier-Albenque, F., Alloul, H. & Rikken, G. High-
field studies of superconducting fluctuations in high-Tc
cuprates: Evidence for a small gap distinct from the large
pseudogap. Phys. Rev. B 84, 014522 (2011).
[33] Chen, Y. & Ting, C. Magnetic-field-induced spin-density
wave in high-temperature superconductors. Phys. Rev.
B 65, 180513 (2002).
[34] Kaindl, R. A., Carnahan, M. A., Chemla, D. S., Oh, S.
& Eckstein, J. N. Dynamics of Cooper pair formation in
Bi2Sr2CaCu2O8+δ. Phys. Rev. B 72, 060510 (2005).
[35] Kabanov, V. V., Demsar, J. & Mihailovic, D. Kinetics
of a Superconductor Excited with a Femtosecond Optical
Pulse. Phys. Rev. Lett. 95, 147002 (2005).
[36] Liu, Y. et al. Direct Observation of the Coexistence
of the Pseudogap and Superconducting Quasiparticles
in Bi2Sr2CaCu2O8+y by Time-Resolved Optical Spec-
troscopy. Phys. Rev. Lett. 101, 1–4 (2008).
[37] Nair, S. K. et al. Quasiparticle dynamics in over-
doped Bi1.4Pb0.7Sr1.9CaCu2O8+δ Coexistence of super-
conducting gap and pseudogap below Tc. Phys. Rev. B
82, 212503 (2010).
[38] Kusar, P. et al. Controlled Vaporization of the Supercon-
ducting Condensate in Cuprate Superconductors by Fem-
tosecond Photoexcitation. Phys. Rev. Lett. 101, 227001
(2008).
[39] Corson, J., Mallozzi, R., Orenstein, J., Eckstein, J. &
Bozovic, I. Vanishing of phase coherence in underdoped
Bi2Sr2CaCu2O8+δ. Nature 398, 221–223 (1999).
[40] Kusar, P. e. a. Coherent trajectory through the normal-
to-superconducting transition reveals ultrafast vortex dy-
namics in a superconductor. arXiv:1207.2879v2 (2013).
[41] Yusupov, R. et al. Coherent dynamics of macroscopic
electronic order through a symmetry breaking transition.
Nat. Phys. 6, 681–684 (2010).
[42] Kusar, P. et al. Anharmonic order-parameter oscilla-
tions and lattice coupling in strongly driven 1 T-TaS2
and TbTe3 charge-density-wave compounds: A multiple-
pulse femtosecond laser spectroscopy study. Phys. Rev.
B 83, 035104 (2011).
[43] Mertelj, T. et al. Incoherent Topological Defect Recombi-
nation Dynamics in TbTe3. Phys. Rev. Lett. 110, 156401
(2013).
[44] Toda, Y. et al. Quasiparticle relaxation dynamics in un-
derdoped Bi2Sr2CaCu2O8+δ by two-color pump-probe
spectroscopy. Phys. Rev. B 84, 174516 (2011).
[45] Stojchevska, L. et al. Mechanisms of nonthermal de-
struction of the superconducting state and melting of the
charge-density-wave state by femtosecond laser pulses.
Phys. Rev. B 84, 180507 (2011).
[46] Coslovich, G. et al. Competition Between
the Pseudogap and Superconducting States of
Bi2Sr2Ca0.92Y0.08Cu2O8+δ Single Crystals Revealed by
Ultrafast Broadband Optical Reflectivity. Phys. Rev.
Lett. 110, 107003 (2013).
[47] Sakai, S. et al. Raman-Scattering Measurements and
Theory of the Energy-Momentum Spectrum for Under-
doped Bi2Sr2CaCu2O8+δ Superconductors: Evidence of
an s-Wave Structure for the Pseudogap. Phys. Rev. Lett.
111, 107001 (2013).
[48] Kabanov, V. V., Demsar, J., Podobnik, B. & Mihailovic,
D. Quasiparticle relaxation dynamics in superconductors
with different gap structures: Theory and experiments on
Y Ba2Cu3O7−δ. Phys. Rev. B 59, 1497–1506 (1999).
[49] Toda, Y. et al. Dynamics of broken symmetry nodal
and anti-nodal excitations in Bi2Sr2CaCu2O8+δ probed
by polarized femtosecond spectroscopy. arXiv:1311.4719
(2013).
[50] Berezinskii, V. Destruction of Long-range Order in One-
dimensional and Two-dimensional Systems having a Con-
tinuous Symmetry Group I. Classical Systems. JETP 32,
493 (1971).
[51] Berezinskii, V. . L. Destruction of Long-range Order in
One-dimensional and Two-dimensional Systems Possess-
ing a Continuous Symmetry Group. II. Quantum Sys-
tems. JETP 34, 610 (1972).
[52] Kosterlitz, J. M. & Thouless, D. J. Ordering, metasta-
bility and phase transitions in two-dimensional systems.
J. Phys. C 6, 1181–1203 (1973).
[53] Emery, V. J. & Kivelson, S. A. Importance of phase fluc-
tuations in superconductors with small superfluid den-
sity. Nature 374, 434–437 (1995).
[54] Emery, V., Kivelson, S. & Zachar, O. Pairing and phase
coherence in high temperature superconductors. Phys. C
Supercond. 282-287, 174–177 (1997).
[55] Emery, V. & Kivelson, S. Crossovers and phase coherence
in cuprate superconductors. J. Phys. Chem. Solids 59,
1705–1710 (1998).
[56] Fisher, D., Fisher, M. & Huse, D. Thermal fluctua-
tions, quenched disorder, phase transitions, and trans-
port in type-II superconductors. Phys. Rev. B 43, 130–
159 (1991).
[57] Mukerjee, S. & Huse, D. Nernst effect in the vortex-
liquid regime of a type-II superconductor. Phys. Rev. B
70, 014506 (2004).
[58] Larkin, A. & Varlamov, A. Theory of Fluctuations in
Superconductors (Oxford University Press, 2005).
[59] van der Beek, C., Colson, S., Indenbom, M. & Kon-
czykowski, M. Supercooling of the Disordered Vortex
Lattice in Bi2Sr2CaCu2O8+δ . Phys. Rev. Lett. 84,
4196–4199 (2000).
[60] Schuller, I. & Gray, K. E. Experimental Observation of
the Relaxation Time of the Order Parameter in Super-
conductors. Phys. Rev. Lett. 36, 429–432 (1976).
[61] Alexandrov, A. S. High-temperature superconductivity:
the explanation. Phys. Scr. 83, 038301 (2011).
6
Author contributions
T.K., Y.T. and M.O. has grown the samples and
done magnetic characterisation, I.M. did optical mea-
surements. I.M. and P.K. performed data analysis. I.M.,
Y.T, T.M. and D.M. interpreted the data. I.M and D.M.
wrote the manuscript.
Additional information
Competing financial interests: The authors de-
clare no competing financial interests.
7
